A range of process conditions have been investigated to maximise the production of carbon nanotubes (CNTs) and/or hydrogen from waste tyres. A two-stage pyrolysis-catalytic reactor system was used and the influence of catalyst temperature (700, 800 and 900 °C), tyre: catalyst ratio (1:0.5, 1:1 and 1:2) and steam input (water injection 0, 2 and 5 ml h -1 ) to the second catalyst stage were investigated. The catalyst used was a Ni/Al2O3 catalyst prepared by a wetness impregnation technique. Carbon was deposited on the catalyst surface during pyrolysis-catalysis increasing with increasing catalyst temperature and also increasing as the tyre: catalyst ratio was raised. Examination of the carbon showed it to be composed of largely filamentous type carbons, producing 253.7 mg g -1 tyre of filamentous carbons at a tyre: catalyst ratio of 1:1 and catalyst temperature of 900 °C. A significant proportion of the deposited filamentous carbons were multi-walled carbon nanotubes as shown by transmission electron microscopy characterisation. The introduction of steam to the process enhanced hydrogen production, producing a maximum of 34.69 mmol g -1 tyre at a water injection rate of 5 ml h -1 .
Introduction
With the demand for automobiles growing globally each year, the environmental issues caused by waste tyre disposal have become more serious [1] . Waste tyres are a mixture of elastomers (e.g. natural rubber, butadiene and styrene-butadiene rubbers), carbon black filler/strengthener, metal reinforcements and zinc, sulphur and other additives [2] . The approaches to manage the waste tyre issue include energy recovery recycling and reuse. In Europe, around 33 wt.% of waste tyres are estimated to be recovered as an alternative material in civil engineering applications, 35 wt.% of waste tyre is recovered as an alternative fuel for energy recovery in cement kilns, 8 wt.% of waste tyre contributes to re-treading and 10 wt.% to export [3] .
The typical tyre has a high carbon content at ~ 81.2 wt.% and hydrogen content ~7.2 wt.% [4] . The recovery of valuable products from tyres has been studied by many researchers, including the production of hydrogen, aromatic chemicals, activated carbon etc. [3] [4] [5] [6] .
Pyrolysis as a thermal degradation process to recover more valuable products from waste tyre has been investigated as a process option [3, 6] . The typical pyrolysis temperature is ~500 o C, where the waste tyre is heated in an inert atmosphere to produce waste tyre degradation products including gases, solid carbon and liquid oil [3] . The gaseous products contain hydrogen and C1-C4 hydrocarbons and have a high calorific value of up to 65 MJm -3 depending on process conditions [3] . During gasification of waste tyre, hydrogen-enriched syngas is normally the target product; the syngas can be used for power generation using internal combustion gas engines or for producing chemicals through the Fischer-Tropsch process [7] [8] [9] [10] . Hydrogen is regarded as a clean energy carrier for a projected future hydrogen economy, as it can be produced from many sources and its combustion only generates water and also has broad applications such as use in fuel cells [11] . Catalysts are normally used to improve the efficiency of hydrogen production from the pyrolysis-reforming of waste tyres. For example, Elbaba et al. [7, [12] [13] [14] investigated several nickel based catalysts to improve the production of hydrogen. They used a two-stage pyrolysis coupled catalytic steam reforming using nickel catalysts to produce a syngas with high a high content of hydrogen (65 vol.%) from waste tyres [14] . They also reported that higher nickel contents in the catalyst and increased temperature and steam input produced higher levels of hydrogen [7, 12] However, due to the catalyst deactivation caused by coke formation on the surface of catalyst [15] , the waste tyre conversion efficiency could thereby decrease significantly [16, 17] . But, recent work [18] by the authors has shown that under some process conditions, the carbon deposited on the catalyst surface is composed of significant amounts of carbon nanotubes.
Carbon nanotubes (CNTs) have a high potential impact in many industrial applications due to their special physical and chemical properties. For example, CNTs can be applied as multifunctional coating materials, where multi-walled carbon nanotubes (MWCNTs) can be additives in paint production which aims to reduce bio-fouling [19, 20] . The life cycle of batteries or capacitors can be extended with the addition MWCNTs due to increased electronic connectivity and mechanical integrity [19, 21, 22] . Considering the chemical and dimensional compatibility of CNTs with biomolecules, they have also been used in biosensors and medical devices [19, 23] .
The most common method to synthesis CNTs is via a chemical vapour deposition (CVD)
process from hydrocarbons such as methane, benzene, xylene or other hydrocarbons [24, 25] .
However, the hydrocarbons generated from the pyrolysis of waste tyres contain more than 100 hydrocarbon species [3] . For example, the gas phase produced from pyrolysis of tyres alkanes and alkene hydrocarbon gases from C1 C4. Higher molecular weight hydrocarbons will also be generated during pyrolysis of the tyres. The condensed oil fraction from pyrolysis of waste tyres have been shown to be a wide range of hydrocarbon species, including aliphatic, aromatic, hetero-atom and polar hydrocarbons. For example, alkanes from C10 C35, alkenes from C6 C9, single ring aromatic compounds such as benzene, toluene, xylene (BTX), styrene and alkylated derivatives, polycyclic aromatic hydrocarbons such as naphthalene, biphenyl, phenanthrene, anthracene, pyrene and alkylated derivatives and a wide range of other hydrocarbons including phenols, organic acids and sulphur and nitrogen containing hydrocarbons [3] . Therefore, waste tyres, with their high content of hydrocarbons also represent a potential feedstock for the production of CNTs through a pyrolysis process that generates a wide range of hydrocarbon species. Yang et al. [26] successfully used waste tyres as an alternative carbon source to produce CNTs by a CVD method over a cobalt based catalyst.
Co-producing of hydrogen and CNTs from waste tyre by pyrolysis catalysis was also investigated in our previous studies [4, 18] . Different catalysts (Co/Al2O3, Cu/Al2O3, Ni/Al2O3, Fe/Al2O3) were investigated to determine the catalyst for optimized hydrogen and CNTs production by a pyrolysis-catalysis process [18] ; the different types of waste tyre and typical elastomers used in tyre formulation (natural rubber, butadiene and styrene-butadiene rubbers)
were also investigated to better understand the pyrolysis-catalysis process for both hydrogen and CNTs production [4] .
It is interesting to develop a process that can produce both hydrogen and carbon nanotubes from waste materials such as waste tyres. The process has the flexibility to produce either hydrogen or carbon nanotubes by altering the process conditions. In this paper, different experimental process conditions including water injection rate, catalysis temperature and tyre to catalyst ratio were investigated, with the aim of improving hydrogen and multi-walled carbon nanotubes (MWCNTs) production from waste tyres by pyrolysis catalysis or catalyticreforming processes.
Materials and methods

Materials
The waste tyre sample was obtained from truck tyres with metal and reinforcing fabric removed and the remaining rubber shredded to produce rubber particles of size ~6 mm. The waste tyre sample contained ~81.16 wt.% of carbon, ~7.17 wt.% hydrogen and metals [4] . The Ni/Al2O3 catalyst was synthesised by a wetness impregnation method with 10 wt.% nickel loading. Nickel nitrate which was the nickel precursor was dissolved into ethanol; the alumina support (obtained from Sigma Aldrich, UK) was added into the nickel nitrate and ethanol solution to produce a slurry under continuous stirring; the slurry was dried overnight at 90 °C in an oven; the solid product was calcined in an oven with a 2 o C min -1 heating rate to a final temperature of 750 °C with 3 h holding time; finally, the catalyst was crushed and sieved to obtain the catalyst as granules of size in a range of 0.05-0.18 mm. The same procedure, preparation and characterisation of the Ni/Al2O3 catalyst has been reported previously [18] .
Reduction of the catalyst occurred in-situ by the generated process gases, particularly hydrogen and carbon monoxide [27] .
Experimental system
A two stage fixed-bed reactor as shown in Figure 1 was used to conduct the tyre pyrolysis-catalysis/catalytic-reforming experiments. Pyrolysis-catalysis experiments did not use the steam injection system and investigated the influence of catalyst temperature and tyre:
catalyst ratio targeted at the increased production of catalyst carbon deposition coupled with carbon nanotube formation. Pyrolysis-catalytic steam reforming experiments involved the input of steam (water injection via a syringe pump) and investigated the influence of steam input rate targeted at the production of increased levels of hydrogen. The two stages of the reactor system consisted of a first stage pyrolysis of the tyres and a second stage containing the Ni/Al2O3 catalyst. The reactors were constructed of stainless steel and were separately externally electrically heated and temperature controlled. Three sets of experiments were conducted; the influence of different water injection rates at 0, 2 and 5 ml h -1 on hydrogen production; the influence of catalyst temperatures of 700, 800 and 900 °C, and tyre: catalyst ratios at 1:0.5, 1:1 and 1:2 on the production of catalyst carbon. The waste tyre sample (1 g) was placed in a sample crucible in the pyrolysis stage and heated from ambient temperature to 600 °C at 40 °C min -1 . The evolved volatiles from waste tyre pyrolysis passed directly through the catalyst reactor which was maintained at the desired catalyst temperature and where the Ni/Al2O3 catalyst was located. The reactor system was purged continuously with nitrogen gas to maintain inert conditions and as a carrier gas to purge gaseous products into the condensation system. The condensable liquids were collected in the condensers which were cooled by dry ice followed by collection of gases in a 25 L Tedlar TM gas sample bag for gas chromatography (GC) analysis. After each experiment, the mass balance was determined; the mass of tyre char residue was calculated from the mass of the pyrolysis stage sample crucible before and after the experiment; the mass of condensable oils was determined from the mass of all the condensers before and after experiments; the mass of gas was calculated from the gas chromatography analysis of the gases, together with the measured flow rate and molecular mass of each gas; the amount of carbon deposits on the catalyst were determined from temperature programmed oxidation (TPO) of the used catalyst. Repeat experiments were carried out to confirm the accuracy of the experimental results.
Analytical methods
The gaseous products collected in the Tedlar TM gas sampling bag were analysed using two separate gas chromatographs. The collected permanent gases of H2, CO, O2 and N2 were determined on a Varian 3380 gas chromatograph (GC) with a 60-80 mesh molecular sieve packed column and thermal conductivity detector and argon as carrier gas. CO2 was analysed on the same Varian 3380 GC with a separate 80-100 mesh molecular sieve column, separate thermal conductivity detector and argon as carrier gas. Hydrocarbons from C1 C4 were analysed using a different Varian 3380 GC with a HayeSep 80-100 mesh molecular sieve column, flame ionisation detector and nitrogen as carrier gas.
The carbon deposited on the Ni/Al2O3 catalyst was characterised through a range of techniques. Temperature programmed oxidation (TPO) was used with a Shimadzu thermal gravity analyser (TGA) to oxide the carbon on the catalyst in relation to oxidation temperature which aids in the determination of the type of carbon deposited on the surface. Around 4 mg of the catalyst after reaction was heated to 800 °C at a heating rate of 15 °C min -1 in air. In addition, the morphology of the catalyst carbon was examined using a Hitachi SU8230 scanning electron microscope (SEM) and a FEI Tecnai TF20 transmission electron microscope (TEM). In addition, a Renishaw Invia Raman spectroscope with a wavelength of 514 nm at
Raman shifts between 100 and 3200 cm -1 was used to obtain Raman analysis results to indicate the degree of graphitization of the carbon produced.
Results and discussion
In this research, a two-stage reactor system has been used where pyrolysis of the tyres in the first section produces a suite of hydrocarbons which are subsequently either reformed in the presence of steam and a catalyst to produce a hydrogen-rich syngas, or in the absence of steam to produce deposition of carbon nanotubes on the catalyst in the second stage.
Pyrolysis-catalytic steam reforming
In this section of the work, the main targeted product was hydrogen, consequently, the influence of steam addition to the two-stage pyrolysis-catalytic system was investigated.
Thereby, the reaction system comprised a pyrolysis-catalytic steam reforming process. Table 1 shows the product yields from the pyrolysis-catalytic steam reforming of tyres at different water injection rates of 0, 2 and 5 ml h -1 . The results are presented as calculation of the yields in relation to mass of tyre and injected water, also calculated was the yield of products in relation to the mass of tyre sample only. The pyrolysis conditions were slow pyrolysis from ambient temperature to 600 o C, a catalyst reforming temperature of 800 °C and tyre: catalyst ratio of 1:0.5. Table 1 shows that for the results in relation to the mass of tyre sample only, the introduction of steam produced an increase in gas yield to 87.17 wt.% at 5 ml h -1 water injection rate compared to 27.49 wt.% in the absence of steam. Correspondingly, the oil yields generally decreased from 22.00 wt.% as increasing amounts of water were introduced into the system.
Effect of water injection rate
The pyrolysis char residues remaining in the pyrolysis stage were all around 38.00 ± 1 wt. %, since the experimental conditions in the pyrolysis stage was the same for each experiment. The production of hydrogen shows a marked increase from 11.01 mmol g -1 tyre in the absence of steam rising to 32.64 mmol g -1 tyre at 2 ml h -1 water injection rate and 34.69 mmol g -1 tyre at 5 ml h -1 . The limited increment in H2 production as the water injection rate was increased from 2 to 5 ml h -1 suggest that high levels of water injection could reverse the water gas shift reaction [28, 29] . The gas compositions at different water injection rates also shown in Also, the CO concentration decreased from 19.37 to 16.31 vol.% and the CO2 concentration increased from 0 to 14.24 vol.%. It is suggested that H2O becomes involved in the water gas shift reaction producing decreased CO and increased CO2 and therefore increased H2 production [12] as shown in Equation 3.
H2O + CO = H2 + CO2 Equation 3
Water introduction in the tyre pyrolysis-catalysis process had a significant effect on carbon deposition on the catalyst. As Table 1 shows, the catalyst carbon production decreased in relation to the increase of water injection rates from 0 to 5 ml h -1 , decreasing from 8.0 to 5.0 wt.% in relation to the results in relation to the mass of tyre sample and water. The steam reacting with the carbon to produce CO and H2 (Equation 1)
To characterize the carbon deposited on the catalyst surface, temperature programmed oxidation was used to identify the type of carbon such as amorphous/disordered and filamentous carbon. This techniques has been applied to characterize carbon type by many researchers [18, [29] [30] [31] [32] . Figure 2 (a) illustrates the TGA-TPO and the derivative rate of weight loss in relation to temperature programmed oxidation (DTG-TPO) results of the carbon on the used 10% Ni/Al2O3 catalyst. It has been suggested that the weight loss at oxidation temperatures higher than 600 °C indicates the oxidation of filamentous carbon and the weight loss that occurs at <600 °C can be attributed to the oxidation of amorphous or disordered carbon which are more easily oxidised [33] [34] [35] [36] [37] . It should also be noted that oxidation at the higher temperature might also include graphitic carbon that is not in the form of filaments, such as graphitic carbons which might encapsulate the nickel particles [34] . The presence of filamentous carbon on the catalyst surface was indicated by TPO, however, to further characterize the filamentous carbon, scanning and transmission electron microscopy (SEM and TEM) were used to identify the morphology of the carbons produced, in particular the presence of multi-walled carbon nanotubes (MWCNTs) [38] [39] [40] [41] . SEM and TEM images of the carbon deposited on the used catalyst produced at different water injection rates are shown in Figure 3 . From the SEM images the formation of considerable quantities of filamentous carbon could be identified regardless of water injection rate. In addition, the accompanying TEM images clearly show that many of the filamentous carbons formed in the absence of steam injection are long and straight MWCNTs. However, with the introduction of steam to the process, the filamentous carbon were largely degraded and fewer carbon nanotubes were detected. It should be noted that not all of the filamentous carbons suggested from the TGA-TPO data and SEM images were MWCNT's, the presence of solid filaments was also present in large quantities.
Raman spectroscopy is commonly used to identify the quality or graphitic nature of carbons based on the intensity of D and G bands [35, 42, 43] . The D band in the Raman shift indicates amorphous or disordered carbon and the G band indicates graphitic or filamentous carbon. The ID/IG ratios, intensity of the D band nominalized to the intensity of the G band, which indicates the degree of graphitization of CNTs produced from waste tyre pyrolysis catalytic-reforming at different water injection rates are shown in Figure 4 . The ID/IG ratio for the carbons produced without water present were close to that produced for commercial CNTs which is in the ranges of 0.63-1.5 [44] .
According to the analyses above, the introduction of steam into the reactor system inhibited CNTs production in the waste tyre pyrolysis-catalysis process with more defects and less structured filamentous carbon being formed. The carbon production reduced with the increment of water injection rates from 2 to 5 ml h -1 .
Pyrolysis-catalysis
The influence of catalyst temperature and the tyre: catalyst ratio for the pyrolysiscatalysis of waste tyres was investigated. The main purpose of this section of the work was to maximise the production of carbon nanotubes formed on the surface of the Ni/Al2O3 catalyst in addition to monitoring the production of hydrogen. Therefore no steam input to the process was used since section 3.1 showed, introduction of steam reduced carbon formation on the catalyst and also the quality of carbon nanotubes, whilst enhancing hydrogen production.
Effect of temperature
The catalyst temperature plays an important role in the waste tyre pyrolysis-catalysis process. Three different catalyst temperatures, 700, 800 and 900 °C, were investigated with the aim of increasing the production of carbon nanotubes from the pyrolysis-catalysis of waste tyres. The catalyst mass used was fixed at 0.5 g of the 10 wt.% Ni/Al2O3 catalyst and 1.0 g of waste tyre were used in each experiment. Table 2 shows the product yields from the pyrolysis catalysis of waste tyre in relation to catalyst temperature. As the catalysis temperature was increased from 700 to 900 °C, the gas yield was not significantly influenced by temperature, however, the oil yield decreased from 23.0 to 15.0 wt.% and the carbon deposited on the catalyst increased from 6.6 to 13.3 wt.%. As the catalysis temperature was increased from 700 to 900 °C, H2 production increased from 8.05
mmol g -1 tyre at 700 o C to 18.02 mmol g -1 tyre at 900 °C. The concentration of H2 in the product gas mix increased from 43.05 to 63.56 vol. %, with CH4 concentration decreasing from 22.12 to 17.81 vol.% and hydrocarbons C2-C4 markedly decreased in concentration. Acomb et al. [32] investigated the influence of catalysis temperature on the production of carbon from the pyrolysis-catalysis of low density polyethylene and reported that more hydrogen and higher catalyst carbon deposition, including CNT's were produced as the temperature was increased.
It was suggested that the polyethylene was initially degraded into lighter organic compounds, then dehydrogenated to produce carbon. Liu et al. [45] also found that increasing temperature improved both hydrogen and MWCNTs production from polypropylene by a catalytic pyrolysis process.
The type of carbon formed on the catalyst was determined by TGA-TPO analysis in relation to the oxidation of the different types of carbon in relation to TGA temperature assigned as either amorphous carbon or filamentous carbon [4, 46] . The weight loss shown in the DTG-TPO thermogram ( Figure 5(a) ) for the carbons formed at 700 and 800 °C catalyst temperature represents oxidation of the carbon formed on the catalyst surface which occurred over a temperature range of 450 to 700 °C, which indicates the presence of both amorphous and filamentous carbon. The DTG-TPO results in relation to the catalyst carbon produced at 900 °C catalyst temperature suggest that the carbons were more filamentous in nature, oxidising at significantly higher temperature than the carbons produced on the catalyst surface for the catalysts used at 700 and 800 °C. The proportions of amorphous/disordered and filamentous carbons taken from the DTG-TPO data ( Figure 5(b) ) suggest that the carbons were a mix of different types for the 700 and 800 °C catalyst temperatures but at 900 °C catalyst temperature the dominant carbon type formed was filamentous carbon. The total amount of carbon formation at 700 and 800 °C were similar at 66.4 mg g -1 tyre and 150.0 mg g -1 respectively. However, at the higher catalyst temperature of 900 °C, 132.8 mg g -1 tyre of carbon was formed on the catalyst, but were mostly filamentous type carbon. Figure 6 shows SEM images of the deposited carbon on the surface of the catalysts and reveals the presence of filamentous carbon formation at the three catalysis temperatures for the tyre pyrolysis catalysis process. Figure 6 also shows the corresponding TEM images of the carbons deposited on the catalyst surface in relation to catalyst temperature. The presence of MWCNTs can be confirmed by the TEM images for the carbon formation at catalysis temperatures are 800 and 900 o C but less so for the catalyst used at 700 °C. In addition, significant quantities of solid filaments of carbon were seen in addition to the MWCNT's. The carbons oxidised at higher temperature for the catalyst used at 900 °C shown in Figure 5 (a)
could be attributed to MWCNTs as a particular type of filamentous carbon. Li et al. [47] have suggested that carbons oxidised at higher temperatures are MWCNTs because of the strong interaction between graphite layers in MWCNTs, resulting in higher thermal stability compared with amorphous /disordered carbon.
The graphitic nature of the carbon formed on the catalyst surface were further characterized by Raman spectroscopy as shown in Figure 7 . The ID/IG ratios presented in Figure   7 were used to assess the graphitic nature of the carbon formed at different catalysis temperatures derived from the waste tyre pyrolysis-catalysis process. The data show that raising the catalyst temperature from 700 to 900 o C leads to a decreasing trend of ID/IG ratios of 0.93, 0.85 and 0.78, which indicates that the degree of graphitization was increased. Also, the minimum ID/IG ratio 0.78 obtained at catalysis temperature 900 o C also indicate that the CNTs formed have fewer defects and higher crystallinity compared with the filamentous carbons formed at 700 and 800 o C [48] .
The results suggest that higher catalyst temperature dominates carbon formation because the hydrocarbons can break up easily to form H2 and solid carbon. The results are consistent with other studies on different materials as carbon sources to produce CNTs [25] . Das et al. [25] showed that the CNTs yields linearly increased from 6 to 39 % as the process temperature was increased from 600 to 800 o C when synthesising CNTs from aromatic hydrocarbons by chemical vapour deposition.
Effect of tyre: catalyst ratio
From the results obtained above, higher temperature promotes the formation of CNTs, also the introduction of steam prohibits high quality CNTs production. Therefore, the influence of tyre: catalyst ratio was investigated to determine its influence on the formation of carbon (particularly CNTs) formation on the catalyst surface using pyrolysis-catalysis conditions with a catalyst temperature of 900 o C and without steam introduction. Tyre: catalyst ratios of 1:0.5, 1:1 and 1:2 were investigated. The results in relation to product yields and gas compositions are shown in Table 3 . The results show that the gas yield increased from 27.19 to 33.78 wt. %, then dropped to 27.4 wt. % as the tyre: catalyst ratio was changed from 1:0.5 to 1:2 and reached a maximum at the tyre: catalyst ratio of 1:1. The oil yield also showed a minimum at the tyre:
catalyst ratio of 1:1. Similarly, the maximum deposition of carbon occurred at the tyre: catalyst ratio The results show that at the tyre: catalyst ratio of 1:1, the highest yield of filamentous carbons was produced at 253.7 mg g -1 tyre.
Scanning electron microscope analysis of the carbon deposits on the catalyst at different tyre: catalyst ratios of 1:0.5. 1:1, 1:2, are shown in Figure 9 . The presence of filamentous type carbons is clear, however, those produced at the tyre: catalyst ratio of 1:0.5 are longer and thinner than the shorter and wider carbon filaments observed at tyre: catalyst ratios of 1:1 and 1:2. Figure 9 also shows the corresponding TEM images of the deposited carbons in relation to tyre: catalyst ratio. The presence of MWCNTs can be identified at all tyre: catalyst ratios.
However, the CNTs formed at the tyre: catalyst ratio of 1:0.5 were more ordered and straighter compared to the disordered and disjointed structures of the MWCNTs observed on the used catalysts from the experiments at tyre: catalyst ratios of 1:1 and 1:2. Again it should be noted that not all of the filamentous carbons suggested from the TGA-TPO data and SEM images were MWCNT's, the presence of solid filaments was also present in quantity.
Raman spectroscopy was also used to characterize the CNTs formed at different tyre to catalyst ratios on the Ni/Al2O3 catalyst and the results are shown in Figure 10 . In contrast to the Raman shifts obtained for the carbons generated on the catalyst in relation to water injection rates and catalyst temperatures, there were three rather than two peaks in Raman shift. The peak which occurred at 1375 cm -1 wavelength for each sample corresponds to the D peak which is associated with disordered carbon which are the defects within the graphitic lattice. The G peaks occurred at 1600 cm -1 and is associated with graphitic carbon. The G' peak which occurred at 2700 cm -1 wavelength is associated with the purity of CNTs, which indicates the two photon elastic scattering process and mainly appears on ordered carbon [49] .
The ID/IG and IG'/IG ratios may be assessed from the Raman data to evaluate the quality and purity the graphitic carbons produced. The catalyst carbon formed at the tyre: catalyst ratio of 1:0.5 had the highest ID/IG ratio 0.78 compared to 0.63 and 0.58 at tyre: catalyst ratio 1:1 and 1:2, respectively. This indicates the carbons formed at the tyre: catalyst ratio of 1:0.5 represents more disordered carbon. Li et al. [47] , reported that an increased tyre: catalyst ratio enhanced the carbon dissolving rate compared with the rates of carbon diffusing and precipitating, thus the formation of filamentous carbons were prohibited [47] . In addition, carbons formed on the catalyst at the ratio of 1:0.5 also showed the lowest IG'/IG ratio of 0.43 which was significantly less than the ratios obtained at tyre: catalyst ratios of 1:1 and 1:2. The result indicates the filamentous carbons/CNTs formed at tyre: catalyst ratio 1:0.5 had the lowest purity and more defects. Considering both of ID/IG and IG'/IG ratios, the tyre: catalyst ratio of 1:1 gave the best quality of CNTs. In addition, Figure 8 (b) showed that the tyre: catalyst ratio of 1:1, also produced the highest yield of filamentous carbons/CNTs at 253.7 mg g -1 tyre.
Overall the results have shown that the influence of the various process parameters of steam input, catalyst temperature and tyre: catalyst ratio strongly influence the deposition the production of hydrogen and also carbon formation on the catalyst. In particular, the presence of steam, and increasing levels of steam input, produce high conversion to hydrogen, reaching a maximum of 34.69 mmol production of hydrogen g -1 tyre. In addition, the amount of steam in the process strongly influences carbon deposition on the catalyst, with higher steam input resulting in lower carbon deposition. Further experimentation in the absence of water was investigated to maximise the production of carbon deposited on the catalyst. The aim of this work was to increase the amount of filamentous carbons deposited since it was shown that a large proportion of the deposited filamentous carbons were multi-walled carbon nanotubes.
This conclusion was drawn from the use of TGA-TPO data where the oxidation of the carbons that occurred at different temperatures could be assigned as either amorphous carbons (oxidation at <600 °C) or filamentous carbons (oxidation at >600 °C). The presence of filamentous carbons was confirmed by scanning electron microscopy analysis of the catalysts and multi-walled carbon nanotubes was confirmed by transmission electron microscopy. The maximum formation of filamentous carbon deposition onto the Ni/Al2O3 catalyst occurred at higher catalyst temperatures and the tyre: catalyst ratio gave the maximum filamentous carbon deposition at a ratio of 1:1. The highest yield of filamentous carbons was produced, in the absence of steam and at a catalyst temperature of 900 °C with a tyre: catalyst ratio of 1:1 at 253.7 mg g -1 tyre, also indicating that these conditions maximise the formation of carbon nanotubes. For the future development of the process, the removal of the carbon from the catalyst would be required and the characteristics of the carbon in terms of graphitic nature, purity of the multi-walled carbon nanotubes in terms of the presence of amorphous carbon and carbon filaments determined. Thereby, the economic viability of the process and the potential end-use applications of the carbon nanotubes would have to be assessed.
Conclusions
The production of high value carbon nanotubes (CNTs) and hydrogen from waste tyre by pyrolysis catalysis and pyrolysis catalytic steam reforming has been investigated using a twostage fixed bed reactor. The influence of different water injection rates on the production of hydrogen using pyrolysis catalytic steam reforming were studied. The influence of catalyst temperature and tyre: catalyst ratios on the production of carbon nanotubes by pyrolysiscatalysis were also studied. The aim was to identify the optimum condition for hydrogen and carbon nanotubes production from waste tyres. An indication of carbon nanotube formation was linked to increased production of filamentous carbons since it was found that a significant proportion of the filamentous carbons were multi-walled carbon nanotubes. Pyrolysis-catalysis of waste tyres was further investigated to maximise the production of carbon nanotubes, therefore no steam was added to the process. The highest yield (117.2 mg g -1 tyre) of filamentous carbons was produced at 900 °C. The influence of tyre: catalyst ratio on filamentous carbons production showed that a ratio of 1:1 gave the highest production reaching a maximum of 253.7 mg g -1 tyre compared to that produced at 1:0.5 and 1:2.
For the co-production of hydrogen and CNTs, a catalyst temperature of 900 o C and tyre:
catalyst ratio of 1:1 without steam addition produced the high yields of H2 and filamentous carbons and thereby carbon nanotubes. Table 3 Product yield and gas concentrations from the pyrolysis-catalysis of waste tyre at different tyre: catalyst ratios (1:0.5; 1:1; 1:2) with no water and 900ºC.
Waste tyre + 10%Ni/Al2O3
Tyre: Catalyst Ratio
Waste tyre:catalyst ratio (900 °C) 1:0. 
